Abstract We use observations recorded by 23 permanent and 99 temporary stations in the SE Tibetan plateau to obtain the S-wave velocity structure along two profiles by applying joint inversion with receiver functions and surface waves. The two profiles cross West Yunnan block (WYB), the Central Yunnan sub-block (CYB), South China block (SCB), and Nanpanjiang basin (NPB). The profile at *25°N shows that the Moho interface in the CYB is deeper than those in the WYB and the NPB, and the topography and Moho depth have clear correspondence. Beneath the Xiaojiang fault zone (XJF), there exists a crustal low-velocity zone (LVZ), crossing the XJF and expanding eastward into the SCB. The NPB is shown to be of relatively high velocity. We speculate that the eastward extrusion of the Tibetan plateau may pass through the XJF and affect its eastern region, and is resisted by the rigid NPB, which has high velocity. This may be the main cause of the crustal thickening and uplift of the topography. In the Tengchong volcanic area, the crust is shown to have alternate high-and low-velocity layers, and the upper mantle is shown to be of low velocity. We consider that the magma which exists in the crust is from the upper mantle and that the complex crustal velocity structure is related to magmatic differentiation. Between the Tengchong volcanic area and the XJF, the crustal velocity is relatively high. Combining these observations with other geophysical evidence, it is indicated that rock strength is high and deformation is weak in this area, which is why the level of seismicity is quite low. The profile at *23°N shows that the variation of the Moho depth is small from the eastern rigid block to the western active block with a wide range of LVZs. We consider that deformation to the south of the SE Tibetan Plateau is weak.
Introduction
Collision between the Indian and Eurasian plates has induced intense orogenesis, produced many active faults, and caused material to escape from the Tibetan plateau (Molnar and Tapponnier 1975; Rowley 1996) . To study the uplift and deformation mechanisms in this region, researchers have proposed many models, such as eastward extrusion of crustal material, crustal thickening and uplift of the plateau, or channel flow in a weak crust (Molnar and Tapponnier 1975; Tapponnier et al. 1982; Allegre et al. 1984; Royden et al. 1997) . The SE Tibetan plateau is a region which is likely to be experiencing crustal flow and eastward extrusion, so it is quite important to study and test these models in this region. Thus, research into the deep crustal structure in the Tibetan plateau is needed to deepen our understanding of its evolution mechanisms.
Under forces from the NE subduction of the Indian plate and the eastward subduction of the Myanmar microplate, the Tibetan plateau has extruded eastward. Resisted by the rigid Yangtze platform, extrusion in the study area has become toward the southeast. Subjected to the intense tectonic activity, there has produced many major strike-slip faults in the SE Tibetan plateau. With the intense crustal movement and strike-slip motion of the active faults, there is a clockwise rotation around the eastern Himalaya syntaxis in the SE Tibetan plateau (Replumaz and Tapponnier 2003; Shen et al. 2001; Liang et al. 2013) , and the strong earthquakes occurred frequently (Fig. 1) . Combined with the GPS observation data, historical earthquakes, and focal mechanism, previous studies have divided the SE Tibetan plateau into many blocks (Fig. 1) . The boundary faults among these blocks are shown to be compressionshear or tension-shear, and there is intense tectonic activity near these faults (Xu et al. 2005; Cheng et al. 2012 ). Thus, the velocity structure and deformation of the SE Tibetan plateau have attracted much attention. Researchers have used many techniques to study the crust-mantle structures beneath this region, such as receiver function inversion, surface wave dispersion curve inversion, joint inversion, travel time inversion, and deep seismic sounding (Wu et al. 2001 (Wu et al. , 2013 Wang et al. 2003 Wang et al. , 2007 Wang et al. , 2014 Bai and Wang 2004; Hu et al. 2008; Li et al. 2009; Sun et al. 2014; Fan et al. 2015) . However, resolutions have been limited for the observations from permanent stations. Sun et al. (2014) used dense seismic data from Chinarry to obtain the velocity structure of a Fig. 1 Map of the blocks and tectonic boundaries in the SE Tibetan plateau. Green lines represent the boundaries between the tectonic units. The red solid circles represent the historical earthquakes with the magnitude larger than 5.0. The black open circles are the earthquakes with magnitude larger than 3.0 from 1970 to 2015 (the earthquake catalogue is from the China Earthquake Networks Center). ETB Eastern Tibet subblock, SGB Songpan-Garze block, WSB Western Sichuan sub-block, WYB Western Yunnan sub-block, CYB Central Yunnan sub-block, SCB South China block, NPB Nanpanjiang basin, SB Sichuan basin profile. They concluded that the two LVZs in the crust are crustal flow channels. Combining this with other research, we consider that the interpretation for the velocity structure should be a little different.
The youngest continental volcano in China-Tengchong volcano is located to the west of the West Yunnan block (WYB). Owing to the collision of the Indian and Eurasian plates, volcanic eruptions, geothermal activity, and crustal earthquakes are quite frequent and intense. Researchers have always been concerned with the deep structure of the volcano and its development (Qin et al. 1998; Wang et al. 2002; Wang and Gang 2004) and have obtained many important results and conclusions. These studies play an important role in predicting volcanic eruptions, understanding the relationships between the volcano and earthquakes, detecting geothermal storage and rationally utilizing geothermal resources.
In this paper, we use observation data recorded by not only the permanent stations but also the newly deployed dense seismic array in the SE Tibetan plateau to calculate receiver functions. We apply joint inversion with receiver functions and surface wave dispersion curves to obtain a high-resolution S-wave velocity structure. These new results provide detailed information for studying the crustmantle structural features and tectonic boundary of the SE Tibetan Plateau.
Data and methods
The seismic data we used for inversion were recorded by 122 stations ( We selected two seismic profiles with lengths of about 900 km and widths of 100 km. The teleseismic records of all stations with epicentral distances of between 30°and 90°, magnitudes [5.5, and SNR [ 4.0 were selected to calculate receiver functions, and we chose 1436 teleseismic events (Fig. 3 ).
Extracting receiver functions
We extracted receiver functions from teleseismic P-waves using the maximum entropy deconvolution method (Burg 1972; Claerbout 1976; Wu et al. 2003) . The original seismic records were processed by a band-pass filter of 0.02-2 Hz. We applied a Gaussian filter with an a-coefficient of 2.5 and a volume factor of 0.001 for the deconvolution method. To obtain a reliable velocity structure, we selected the receiver functions with a clear P-phase and stacked them according to their differences in slowness. Finally, we chose three stacked receiver functions to carry out the inversion.
Joint inversion of receiver functions and surface waves
The surface wave phase and group velocity dispersion curves are from Wang et al. (2014) and Fan et al. (2015) . The origin of the surface wave dispersion technique is described in detail in their work. The dispersion curve is interpolated into each station. Generally, receiver function inversion has the advantage of obtaining the depth of seismic velocity discontinuity. However, due to noise interference and multiple waves in the low-velocity layer near the surface, the calculated velocity structure is inaccurate. To solve this problem, we applied the surface wave dispersion curves to constrain the receiver function inversion. Surface wave dispersion curves should effectively reveal variation in S-wave velocity, but it is difficult to determine the exact distribution of velocity discontinuity. Joint inversion of receiver functions and surface wave dispersion curves combines the advantages of the two methods and could allow us to obtain a reliable S-wave velocity structure. During joint inversion, the weight values of the fitting error for the receiver functions and the surface wave were 0.2 and 0.8, respectively. The average v P /v S ratio was also inverted in the inversion procedure. We used the same initial velocity model because the inversion results were not very sensitive to the initial model. With different initial models, the inversion results were similar. The initial v S was set to 3.0 km/s at 0-10 km, 3.3 km/s at 10-26 km, 3.5 km/s at 26-34 km, 4.1 km/s at 34-46 km, and 4.5 km/s at 46-200 km. There were ten iterations for each station. From Fig. 4 , it can be seen that the calculated receiver functions and surface wave dispersion curves at station 53,220 fit well with the observed data.
Results
With the dense seismic array deployed in this area, we obtained the S-wave velocity structures of the two profiles to a depth of 100 km (Figs. 5, 6 ). From profile AA 0 (Fig. 5) , we could see that the Moho interface at the middle of the profile is deeper than that at both ends. The Moho depth decreases from about 46 km in the Central Yunnan block (CYB) to 34 km in the Nanpanjiang basin (NPB) and to 38 km in the WYB; and the topography and Moho depth have clear and good correspondence. Beneath the Xiaojiang fault (XJF), there is a crustal low-velocity zone (LVZ) located at 25-38 km depth. The LVZ has a length of 300 km, crosses the XJF zone, and expands eastward about 160 km into the south China block (SCB). To its east, the NPB is shown to be of relatively high velocity within the crust and upper mantle. The LVZ passes through the XJF zone and seems to be resisted by the NPB, which is of high velocity; this result differs little from previous understanding that the XJF is the boundary of the high-velocity eastern region and low-velocity western region. In the Tengchong volcanic area, the velocity variation in the crust is more complex than that of its surroundings. On the whole, the crust shows alternate thin high-velocity zones (HVZ) and LVZs, and the upper mantle velocity is low. Between the Tengchong volcanic area and the XJF, the crustal velocity is relatively high, and the HVZ crosses the Red River fault (RRF). Profile BB 0 (Fig. 5) shows a conspicuous variation in velocity within the WYB and the NPB: the WYB has a wide range of crustal LVZs but NPB is shown to be of relatively high velocity. Compared with the northern profile, the Moho depths at the eastern stable block and western active block have quite gradual variations.
Discussion
Near the middle branch of the XJF, there exists a LVZ in the middle and lower crust and upper mantle. The crustal LVZ is located not only in the XJF; but also crosses the XJF and expands eastward into the SCB, which shows that the XJF is not the boundary of the eastern HVZ and western LVZ. Receiver function studies found that Poisson's ratio is high around the XJF ). The surface heat flow is about 70 mW/m 2 near the middle branch of the XJF and its eastern area (Xu et al. 1992) . Combined with the low velocity in the upper mantle, this implies that the crustal LVZ may be related to the high temperature in the upper mantle. When the temperature rises, the strength of the crustal material weakens, and then the crust easily deforms. Thus, we could speculate that with the high temperature near the XJF and its eastern area, the eastward extrusion of the Tibetan plateau may have passed through the XJF and affected its eastern region. The NPB is of relatively high velocity and has a low temperature (Xu et al. 1992 ) and low Poisson's ratio ). We exists LVZ in the lower crust beneath the east of XJF. Our results show that the crustal LVZ crosses XJF and presents in both sides of XJF zone, which is also identified from the P wave tomography (Wang et al. 2003; Wu et al. 2013 ).
In the Tengchong volcanic area, the crustal velocity structure is shown to be more complex than that in other areas (Fig. 5) . As shown in Fig. 7 , the TNC and MIZ stations are both located in the Tengchong volcanic area. We can see that the shallow crust within 5-10 km is of high velocity, with v P = 3.6-3.7 km/s. Under the HVZ, the velocity decreases rapidly and reaches to 3.0 km/s. From 16 to 23 km, the crustal velocity rises again to about 3.6 km/s, and then the crust below 25 km is shown to have a relatively low velocity. Overall, the crustal velocity structure shows that HVZs alternate with LVZs, and the upper mantle has a low velocity. Moreover, the Tengchong volcanic area has a feature of high heat flow (Xu et al. 1992) . Thus, it is speculated that the crustal LVZ is related to the high temperature and that the low-velocity hot material is mainly from the upper mantle. Several magma chambers may have developed in the crust after the intrusion of magma. When the magma cooled and solidified, the velocity of that rock became higher. We infer that the crustal high velocity anomaly is the main result of the intrusion of the basic or ultrabasic rocks from the deep lithosphere, and the alternation of HVZs and LVZs in the crust is the result of magmatic differentiation. Sun et al. (2014) obtained the S-wave velocity structure near our profile AA 0 with receiver functions and group velocity of Rayleigh wave. Both the results of our study and their work show that two crustal LVZs present beneath the Tengchong area and XJF zone. Sun et al. (2014) argued that the two LVZs are the channels of the crustal flow in the SE Tibetan plateau. In contrast to their results, our results show that there also exist HVZs clearly in the crust beneath Tengchong volcanic area. The results from deep seismic sounding profile and P wave tomography (Wang et al. 2002 (Wang et al. , 2003 Ma et al. 2008 ) also show the existence of both high velocity anomaly and low velocity anomaly in the crust beneath Tengchong volcanic area. Combining with the high temperature and low velocity within the upper mantle, we are inclined to conclude that the crustal lowvelocity material beneath Tengchong volcanic area is mainly from the deep lithosphere.
As shown in Fig. 5 , between the Tengchong volcanic area and the XJF zone, the crustal velocity is shown to be relatively high. The level of seismicity in this area is weak (Xu et al. 2005) . The heat flow (Xu et al. 1992 ), Poisson's ratio , and electrical conductivity (Bai et al. 2010 ) are lower than those in the surrounding areas. This implies that the rocks in this area have high strength and weak deformation. However, it is difficult to predict whether strong earthquakes could occur in such an area in the future. From Fig. 6 , we could see that the average crustal velocity in the WYB is lower than that in the NPB, and a wide range of LVZs are distributed in the WYB, which is quite different from the situation in the NPB. The Moho depth varies more gradually than that in profile AA 0 (Fig. 5) . Similar crustal thickness in the eastern stable block and western active block indicates that the deformation in the south of the study region is relatively weak.
Conclusions
We investigated the S-wave velocity structure beneath the SE Tibetan plateau by applying joint inversion of receiver functions and surface wave phase velocity and group velocity dispersion curves. The observation data are recorded at most of the permanent stations and from a dense seismic array. Combining our results with previous studies, we have shown some detailed and novel velocity anomalies. The major conclusions are as follows:
Beneath the XJF, there exists a crustal LVZ, which crosses the XJF and expands eastward into the SCB. The LVZ is related to hot material in the upper mantle. The high temperature has weakened the strength of the crust, contributing to eastward extrusion of the Tibetan plateau to passing through the XJF and affecting its eastern region. The rigid high-velocity NPB has resisted the eastward extrusion of the Tibetan plateau, causing crustal thickening and topography uplift in the Yunnan-Guizhou plateau.
In the Tengchong volcanic area, the crustal velocity structure is more complex than that of other regions. Crustal velocity is shown to be high at depths of 5-10 and 18-22 km, and low at 10-18 and 22-38 km, and velocity is low in the upper mantle. We speculate that the crustal LVZ is related to the magma chambers in the crust. When the magma cooled and solidified, the velocity of the rocks became higher.
Between the Tengchong volcanic area and the XJF, the crustal velocity is relatively high. The seismicity level is clearly low compared with other regions. We consider that the strength of the rocks in this area is high and the deformation is weak. However, due to the complex tectonic activity in the SE Tibetan plateau, it is difficult to predict whether strong earthquakes will occur in this region in the future.
